sequences for the two Plasmodium ovale spp., P. ovale curtisi and P. ovale wallikeri, and Plasmodium malar-48 iae have not yet been analyzed. Here we present an analysis of the nuclear genome sequences of these 49 three parasites, and describe gene family expansions therein. Plasmodium ovale curtisi and P. ovale wallik-50 eri are genetically distinct but morphologically indistinguishable and have sympatric ranges through the 51 tropics of Africa, Asia and Oceania. Both P. ovale spp. show expansion of the surfin variant gene family, and 52 an amplification of the Plasmodium interspersed repeat (pir) superfamily which results in an approxi-53 mately 30% increase in genome size. For comparison, we have also analyzed the draft nuclear genome 54 of P. malariae, a malaria parasite causing mild malaria symptoms with a quartan life cycle, long-term 55 chronic infections, and wide geographic distribution. Plasmodium malariae shows only a moderate level 56 of expansion of pir genes, and unique expansions of a highly diverged transmembrane protein family 57 with over 550 members and the gamete P25/27 gene family. The observed diversity in the P. ovale wal-58 likeri and P. ovale curtisi surface antigens, combined with their phylogenetic separation, supports consid-59 eration that the two parasites be given species status. 60 
Introduction

65
Plasmodium ovale, a causative agent of benign relapsing tertian 66 malaria, was the last of the malaria parasite species infective to 67 humans to be described (Stephens, 1922) . Morphologically and 68 phenotypically similar to the more common Plasmodium vivax, P.
69
ovale is named for the typical oval appearance of infected erythro-70 cytes. Its erythrocytic forms are, similar to those of P. vivax, 71 restricted to reticulocytes, and infections typically result in low 72 parasitaemias, cause mild clinical symptoms and are relatively 73 short in duration (Faye et al., 1998) . There are, however, occasional 74 reports of more severe disease (Rojo-Marcos et al., 2008; Lau et al., 75 2013; Strydom et al., 2014; Tomar et al., 2015) . Plasmodium ovale 76 shares with P. vivax, amongst the malaria parasites infective to 77 humans, the ability to produce hypnozoites, dormant liver stages (Tachibana et al., 2002; Winn et al., 2004) . These have been argued 85 to constitute separate species, as the absence of hybrid forms sug-86 gests they are reproductively isolated, although their ranges are 87 sympatric and occasionally infect the same host (Sutherland 88 et al., 2010; Fuehrer et al., 2012) . Since the two P. ovale forms were 89 first described and assigned the sub-species trinomials P. ovale cur-90 tisi and P. ovale wallikeri (Sutherland et al., 2010), compelling evi-91 dence has accrued that the two variants are, indeed, separate 92 species (Fuehrer et al., 2012; Fançony et al., 2012; Putaporntip 93 et al., 2013; Oguike and Sutherland, 2015) . 94 Plasmodium ovale spp. are found predominantly in Africa, but are also present on the islands of the Western Pacific 96 and, sporadically, in southeastern Asia and India (Lysenko and 97 Beljaev, 1969; Oguike et al., 2011; Bauffe et al., 2012; Fuehrer 98 et al., 2012; Fançony et al., 2012; Putaporntip et al., 2013;  99 Chaturvedi et al., 2015) . Frequently occurring in mixed infections 100 with other malaria parasite species, most notably Plasmodium fal-101 ciparum and Plasmodium malariae, the prevalence of P. ovale spp. 102 is most certainly underestimated, as its typical low parasitemia 103 and predilection for co-infection render it difficult to diagnose by 104 light microscopy (Fançony et al., 2012; Dinko et al., 2013) . This is 105 likely to be especially true in high malaria transmission regions 106 such as West Africa, where other malaria parasite species are com-107 mon and immunity against malaria is high in local populations. 108 Sensitive PCR detection methods indicate a prevalence of P. ovale 109 spp. of 14% and above in parts of Africa (May et al., 1999; Tobian 110 et al., 2000) , versus estimates based on microscopy which are typ-111 ically below 5% (Mueller et al., 2007) . Thus the public health 112 impact of ovale malaria is probably underestimated. 113 With a range that closely mirrors that of P. falciparum, the quar-114 tan malaria parasite P. malariae (Grassi and Feletti, 1892 ) has a 115 widespread, although patchy distribution (Garnham, 1966 Africa and the chimpanzee-propagated US Centers for Disease trol and Prevention (CDC) Nigeria I strain (Collins et al., 1987) . For 148 detailed comparison, we have derived a partial genome of P. malar-
149
iae from the CDC Uganda I strain (Collins et al., 1984 (Collins et al., , 1990 (Bolger et al., 2014) . Trimmed reads were bioinformatically 226 screened for host contamination, based on the respective verte-227 brate hosts. The filtered reads were assembled using the A5-228 miseq pipeline (Coil et al., 2015) . Assemblies were scaffolded 229 (SSPACE), gap closed (IMAGE) and error corrected with ICORN 230 (Swain et al., 2012) and Pilon (Walker et al., 2014) . Scaffolds were 231 ordered by ABACAS (Assefa et al., 2009) (SNPs) using the BamView option in Artemis (Carver et al., 2013) .
240
These genes were selected to confirm clonality and identity of 241 the samples. In addition a whole genome scan for multiplicity of 242 infection was performed using the estMOI tool (Assefa et al., 243 2014) and all of the genes tested also were confirmed as a single 244 genotype (Supplementary Table S1 ). (Stöver and Müller, 2010) . genes was also used as a training set for annotation of P. malariae.
277
Ortholog information amongst other Plasmodium spp. was 278 obtained by OrthoMCL (Li et al., 2003) . Annotation of the P. ovale a N50 represents a number where 50% of the entire assembly was contained in contigs or scaffolds equal to or larger than this value. b The completeness of assemblies was determined by the BUSCO tool (Simão et al., 2015 using ExportPred v2.0 with a cut-off value of 1.5 (Boddey et al., 298 2013) and the presence of a PEXEL-like motif was determined 299 using the Sequence Manipulation Suite (Stothard, 2000) . the SnpEff tool (Cingolani et al., 2012 for example, Tachibana et al., 2012) . We assessed the completeness 332 of the predicted genomes using the BUSCO tool (Simão et al., 2015) 333 and concluded that both P. ovale spp. are more complete (80-86% ovale wallikeri, P. ovale curtisi and P. malariae with respect to other sequenced Plasmodium spp. The Bayesian tree was generated by first selecting 460 1:1 ortholog clusters (amino acid length P200). Sequences were concatenated after multiple sequence alignment and trimmed by MUSCLE (Edgar, 2004) and Trimal (Capella-Guitiérrez et al., 2009), respectively, resulting in a concatamer of 127,351 amino acids. The MrBayes program was used for phylogenetic tree construction with an amino acid model and 40,000 generations. The numbers at the nodes indicate their probability and branch lengths are proportional according to the scale given. (B) Venn diagram of orthologous groups (as derived by Ortho-MCL (Li et al., 2003) ) indicates the shared and unique gene clusters across five malaria species which infect humans. (C) Number of total orthologous groups with only one, two to nine, and more than 10 members in the respective groups, as derived by OrthoMCL for P. ovale wallikeri, P. ovale curtisi and P. malariae.
334
BUSCO coverage) and hence more representative of their species 335 than P. malariae (76%) in our datasets. We constructed a compara- arrays of up to 39 head-to-tail genes (Fig. 3) proteins (Frech and Chen, 2013 (Fig. 3) . Sargeant et al., 2006; Haase et al., 2013) . This superfamily, loosely 483 termed 2TM, includes the P. falciparum Pfmc2TM, RIFIN and STE-484 VOR proteins (Cheng et al., 1998; Gardner et al., 1998; Kyes 485 et al., 1999) , although recent studies suggest that the latter two 486 families encode proteins that possess a single C-terminal TM 487 domain and are likely to be receptors exposed on the erythrocyte 488 surface (Niang et al., 2009 (Niang et al., , 2014 Bachmann et al., 2015; Goel 489 et al., 2015; Tan et al., 2015 (Sargeant et al., 2006 and Carlton et al., 2008 Tryptophan-rich antigens and PHIST. Thus, these proteins repre-524 sent a novel P. malariae-specific gene, which we term Pm-fam-a. Gaur et al., 2004; Culleton and Kaneko, 2010; Li and Han, 2012;  556 Gunalan et al., 2013) . Plasmodium falciparum possesses five mem-557 bers of the RBL family, whereas P. vivax encodes 10 members 558 including pseudogenes. In P. ovale spp. the rbl genes are expanded 559 to 12-13 copies, including several putative pseudogenes (please 560 see Table 2 for details), and were found within or adjacent to arrays 561 of oir genes (Fig. 3) . In contrast, P. knowlesi appears to have only gene, but DBP is known to be duplicated in P. vivax isolates found 569 in other geographic regions such as East Africa and non-African P.
570
vivax endemic countries (Menard et al., 2013) . BLAST analyses as 571 well as construction of gene trees suggest that the P. ovale expan-572 sion derives from RBP2 (Fig. 4) Table S4 ). The species-specific expansion and diversification of 580 the RBL family of genes may be related to the phenotypic diversity 581 that these parasites show with respect to their red cell preferences.
582
While P. ovale spp. are restricted to reticulocytes, P. malariae 583 invades normocytes (Garnham, 1966; Gunalan et al., 2013 genes whose expansion appears to be unique to P. ovale spp.
588
( RNA or other proteins (Sharma et al., 2003; Camarda et al., 618 2010 (amino acid alignment shown in Supplementary Fig. S1) KELT N-terminal regions in BLAST queries ( Supplementary Fig. S2 ).
649
The KELT protein is not expanded in our assembly for P. malariae 650 ( 
